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Summary 
 
Microbes are used since decades for the industrial conversion of sugar feedstock and other renewa-
ble carbon sources to important bulk or fine chemicals. Nowadays, food and feed ingredients like 
amino acids and vitamins are biotechnologically produced in ever increasing quantities. Microorgan-
isms like Escherichia coli or Corynebacterium glutamicum are used in these production processes, but 
– except of fermentation products – they are not naturally evolved for profitable metabolite for-
mation. Thus, strain development is an essential prerequisite for the establishment of microbial pro-
duction processes and can be performed by a number of approaches, such as metabolic engineering 
or undirected mutagenesis and screening. In the latter approach, large clone libraries are easily gen-
erated, but the bottleneck are efficient screening strategies to identify the desired variants with im-
proved metabolite production. Such screening techniques should preferably rely on an optical signal 
that reflects increased product formation and enables the use of fluorescence activated cell sorting 
(FACS), which currently allows the highest throughput with more than one billion clones per assay. 
To generate the desired optical signal, intracellular metabolite sensors have been developed, which 
transform intracellular product concentrations into a graded optical output. These sensors are based 
either on RNA sequences or on transcription factors, which bind specifically to small molecules and in 
response to that, drive transcription of a reporter gene.  
In this study, new transcription factor-based metabolite sensors for the monitoring of intracellular 
concentrations of different amino acids in C. glutamicum or E. coli were constructed. The sensor 
pSenLys is based on the transcriptional regulator LysG of C. glutamicum and activates transcription of 
its target gene lysE in the presence of elevated intracellular concentrations of L-lysine, L-arginine, and 
L-histidine.  This sensor was used to screen plasmid libraries generated by either undirected or site-
directed mutagenesis of ArgB (N-acetylglutamate kinase), HisG (ATP phosphoribosyl transferase) and 
LysC (aspartate kinase), representing feedback-inhibited key enzymes in arginine, histidine, and ly-
sine biosynthesis. Using FACS, productive variants of these enzymes were isolated and characterized 
in vitro and in vivo. C. glutamicum strains carrying the best variants secreted up to 45 mM lysine, 34 
mM arginine and 17 mM histidine into the medium.  
LysG of C. glutamicum belongs to family of LysR-type transcriptional regulators (LTTR). As for LysG, 
transcriptional activation of most LTTRs depends on the presence of a co-inducer, which is often the 
product or an intermediate of the regulated pathway. To date, no structure of a full-length LTTR co-
crystallized with its co-inducer is available. In this study, LysG was crystallized without ligand and co-
crystallized with its effector L-arginine and structural models were generated. The overall structure 
of LysG corresponds to known LTTR structures consisting of an N-terminal DNA-binding domain, an 
α-helical linker, and two C-terminal effector-binding domains. Four LysG molecules are present in the 
unit cell, assembled into a tetramer (dimer of dimers). The structural model of the LysG-arginine 
complex enabled the identification of side-chains in the effector binding domains, which are involved 
in arginine binding. Structural differences between the models for LysG and LysG-Arg were observed, 
which disclosed a communication pathway from the effector-binding to the DNA-binding domain, 
whose binding affinity to DNA could be modulated by effector-interaction. 
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Zusammenfassung 
 
Mikroorganismen werden seit Jahrzehnten für die Umsetzung nachwachsender Rohstoffe zu indust-
riell genutzten Grund- und Feinchemikalien genutzt. Aminosäuren und Vitamine werden heute als 
Bestandteil von Nahrungs- und Futtermitteln in immer größeren Mengen biotechnologisch produ-
ziert. In diesen Produktionsprozessen werden Mikroorganismen wie Escherichia coli oder Corynebac-
terium glutamicum eingesetzt, die - mit Ausnahme von Fermentationsendprodukten - natürlicher-
weise nicht auf eine effiziente Metabolit-Überproduktion evolviert wurden. Eine essentielle Voraus-
setzung für die Etablierung mikrobieller Produktionsprozesse ist daher die Stammentwicklung, die 
durch „metabolic engineering“ oder durch ungerichtete Mutagenese und nachfolgendes Screening 
erfolgen kann. Während die Herstellung großer genetischer Diversität unproblematisch ist, stellt das 
Screening auf Varianten mit verbesserter Produktbildung in der Regel den limitierenden Schritt dar. 
Vorzugsweise sollten Screening-Ansätze auf einem optischen Signal basieren, das gesteigerte Pro-
duktbildung anzeigt und die Verwendung von Hochdurchsatztechnologien wie z.B. der fluoreszenz-
aktivierten Zellsortierung (FACS) ermöglicht. FACS bietet mit der Analyse von über einer Milliarde 
Zellen pro Ansatz derzeit den höchstmöglichen Durchsatz. Um das benötigte optische Signal zu gene-
rieren, wurden Metabolitsensoren entwickelt, die intrazelluläre Metabolitkonzentrationen in gradu-
ierte optische Signale transformieren. Diese Sensoren basieren entweder auf Transkriptionsfaktoren 
oder auf RNA-Molekülen, die bei spezifischer Bindung der zu detektierenden Substanz die Transkrip-
tion eines Reportergens aktivieren. 
In dieser Arbeit wurden neue transkriptionsfaktor-basierte Sensoren konstruiert, die verschiedene 
Aminosäuren in C. glutamicum oder E. coli detektieren können. Der Sensor pSenLys basiert auf dem 
Transkriptionsregulator LysG von C. glutamicum und aktiviert die Transkription seines Zielgens lysE 
bei erhöhten intrazellulären Konzentrationen von L-Lysin, L-Arginin und L-Histidin. Dieser Sensor 
wurde eingesetzt, um Plasmidbibliotheken von ungerichtet oder gerichtet mutagenisiertem LysC 
(Aspartatkinase), ArgB (N-Acetylglutamatkinase) und HisG (ATP-Phosphoribosyltransferase) zu scree-
nen. Es handelt sich dabei um die feedback-inhibierten Schlüsselenzyme der Lysin-, Arginin- und His-
tidinbiosynthese in C. glutamicum. Mittels FACS wurden feedback-resistente Varianten dieser Enzy-
me isoliert und in vivo bzw. in vitro charakterisiert. C. glutamicum-Stämme mit den besten Varianten 
akkumulierten im Kulturüberstand bis zu 45 mM Lysin,  34 mM Arginin und 17 mM Histidin. 
LysG aus C. glutamicum gehört zur Familie der LysR-Typ-Transkriptionsregulatoren (LTTR). Wie im Fall 
von LysG erfordert die transkriptionsaktivierende Funktion von LTTRs in vielen Fällen die Bindung 
eines Effektormoleküls. Bis heute ist jedoch keine Proteinstruktur eines mit dem Effektor co-
kristallisierten LTTRs bekannt. In dieser Arbeit wurde LysG einerseits ohne Ligand kristallisiert und 
andererseits im Komplex mit dem Effektor L-Arginin. Für beide Strukturen wurden Modelle generiert. 
Die Struktur von LysG stimmt grundsätzlich mit bekannten LTTR-Strukturen überein, die sich durch 
eine N-terminale DNA-Bindedomäne, eine „Linker“-Helix und zwei C-terminale Effektor-
Bindedomänen auszeichnen. Vier LysG-Moleküle in der Einheitszelle bilden ein Tetramer (Dimer von 
Dimeren). Das Strukturmodell des LysG-Arginin-Komplexes ermöglichte die Identifikation der L-
Arginin-bindenden Seitenketten in der Effektor-Bindedomäne. Ein Vergleich der Struktur von freiem 
LysG mit der des LysG-Arginin-Komplexes ergab Unterschiede, die einen Einfluss von Arginin-
induzierten strukturellen Veränderungen in der Effektor-Bindedomäne auf die Struktur der DNA-
Bindedomäne und auf deren Bindungsaffinität zur DNA ermöglichen könnten. 
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Introduction 
 
The conversion of sugar feedstock and other raw materials to industrial important bulk or fine chem-
icals by microbes has been used for decades (Adrio and Demain, 2010). Recent progress in metabolic 
engineering on the one hand, and raising costs as well as ecological drawbacks of fossil resources on 
the other hand, promote comprehensive growth of the bioeconomy. Nowadays, food and feed in-
gredients like amino acids and vitamins are biotechnologically produced in ever increasing quantities. 
For example, the annual production of cobalamine rose to approximately 35 tons, nucleotides to 
38,000 tons and amino acids to 5,000,000 tons (Eggeling, L., Pfefferle, W. and Sahm, 2006).  
These production processes are based on microorganisms like Escherichia coli, Bacillus subtilis or 
Corynebacterium glutamicum. The latter one is of particular importance in the amino acid production 
industry. First isolated as glutamate-producing microorganism in 1958 (Kinoshita et al., 1958), this 
gram-positive soil bacterium is the most important amino acid producer used today (Eggeling and 
Bott, 2005). With this bacterium, actually 2,500,000 tons L-glutamate and 1,500, 000 tons L-lysine are 
produced annually (Becker and Wittmann, 2012). Also other amino acids, including L-serine, L-
isoleucine and L-valine, are produced with mutants of Corynebacterium strains. L-glutamate occupies 
a special position, since it is exclusively used in food supplements. In contrast, L-lysine and other 
amino acids are used as animal-feed additives, a market with notable growth exceeding 6% per year 
(Kumar, 2012). Additionally, almost all amino acids are used in the pharmaceutical industry for infu-
sions. 
However, microorganisms are not naturally designed for profitable metabolite formation and there is 
an unrelenting need to optimize strains and pathways. This is done by a number of approaches, in-
cluding metabolic engineering, assisted by the analysis of existing strains or generation of new strains 
by classical undirected mutagenesis. Frequently, large genotypic libraries are generated and efficient 
screening strategies are needed to identify desired variants with improved metabolite formation. 
Therefore, high-throughput (HT) strategies have been developed. These techniques preferably rely 
on an optical signal, reflecting increased product formation and enabling the use of fluorescence 
activated cell sorting (FACS) suitable for HT screenings. Natural chromophores like carotenoids are 
directly detectable (An et al., 1991; Marienhagen and Bott, 2013; Nonomura and Coder, 1988; Ukibe 
et al., 2008). Also some non-chromogenic substances like gramicidin (Azuma et al., 1992), poly-(β-
hydroxybutyrate) (Fouchet et al., 1995) and lipids (Gouveia et al., 2009; Silva et al., 2009) have been 
optically detected, by coupling their presence to fluorophores.  
Unfortunately, this strategy is not yet applicable for most biotechnological products, since they are 
inconspicuous. More universal detection systems are therefore required as offered by natural cellu-
lar detection systems such as regulatory RNAs and transcription factors which enable the sensing of 
small molecules which are not colored or which cannot easily be converted into a fluorophore. 
Regulatory RNA-based metabolite sensors 
RNA-based metabolite sensors rely on RNA sequences (aptamers), which bind effectors thereby re-
modeling the secondary structure of the aptamer. When an aptamer is fused with another RNA se-
quence (actuator), which has its own structure dependent function, structural changes in the ap-
tamer affect structure and function of the actuator. For example, the actuator could form a transcrip-
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tion terminating stem loop, which is destabilized by effector-induced structural changes, thus activat-
ing transcription (riboswitch) (Vitreschak et al., 2004). Another example for an actuator is a ribozyme, 
whose self-cleavage activity is modulated in response to structural changes of the aptamer (allosteric 
ribozyme) (Hermann and Patel, 2000). 
By replacing the natural target gene by a reporter, for example a gene encoding a fluorescent protein 
(FP), regulatory RNAs can be used as sensors (Benenson, 2012; Liang et al., 2011). This has been done 
to detect thiamine-pyrophosphate (TPP) (Nomura and Yokobayashi, 2007) and theophylline (Desai 
and Gallivan, 2004; Suess et al., 2004). A theophylline sensing allosteric ribozyme was constructed by 
Win et al. (Win and Smolke, 2007, 2008).  
Recently, a fluorophore binding aptamer was developed, whose binding affinity is modulated by a 
ligand-binding aptamer (Paige et al., 2011, 2012). This construction provides an inducible autofluo-
rescent RNA/fluorophore complex, which mimics GFP fluorescence without the need for protein 
synthesis. 
Aptamers for the detection of industrial relevant substances are rare. Engineering of natural ap-
tamers and generation of synthetic ones by the “systematic evolution of ligands by exponential en-
richment” (SELEX) method (Ellington and Szostak, 1990; Tuerk and Gold, 1990) was frequently re-
ported to gain access to the detection of the desired molecule (Cho et al., 2009; Stoltenburg et al., 
2007). However, current examples are limited to substances like TPP (Nomura and Yokobayashi, 
2007), tetracycline (Weigand and Suess, 2007), theophylline and derivatives (Michener and Smolke, 
2012; Win and Smolke, 2007), adenosine, S-adenosylmethionine, ADP, guanine and GTP (Paige et al., 
2012), which do not include the industrial most relevant molecules. Moreover, many aptamers exhib-
it binding constants to their effectors in the nanomolar to micromolar range (Stoltenburg et al., 
2007), rendering them inapplicable for product detection in metabolic engineering approaches, 
where the millimolar range is of interest. 
Transcription factor-based metabolite sensors 
Many natural transcription factors (TFs) interact specifically with small molecules and in response 
induce or repress transcription of the target genes. This principle has been widely used, to construct 
whole-cell-biosensors for the detection of environmental pollutants (Gu et al., 2004). In these cases 
the entire culture fluorescence served as signal. 
For screening approaches, TF-induced expression of a reporter gene was first described for the de-
tection of benzoate and 2-hydroxybenzoate in E. coli (Fiet et al., 2006). The benzoic acids interact 
with NahR derived from Pseudomonas putida, which induces in consequence transcription of the 
salicylate promoter. As reporter genes, the α-fragment of β-galactosidase or the tetA gene, confer-
ring tetracycline-resistance, were fused to the salicylate promoter, enabling plate-based selection. A 
similar system, based on BmoR, PcaR and DcuR/DcuS, was described for 1-butanol, adipate and suc-
cinate, respectively (Dietrich et al., 2013). Using an auto-fluorescent protein as reporter, small-
molecule concentrations can be transformed into an optical output, which is detectable by HT-
interfaces like FACS. This approach offers quantitative information on intracellular small-molecule 
concentrations and in combination with FACS, ideal HT-capability, enabling analyses of up to 109 sin-
gle cells per assay (Becker et al., 2004). The number of small-molecules, which can be detected in this 
way, is large, given by the existence of many natural transcription factors, with various specificities.  
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The first approach to link cytosolic concentration of a specific metabolite to FP expression used BenR, 
an AraC-type transcriptional regulator from Pseudomonas putida, to detect benzoate in E. coli 
(Uchiyama and Miyazaki, 2010). BenR activates transcription of benABCD genes when benzoate is 
present as co-inducer. Fusion of PbenA to a FP, transforms benzoate concentration into graded optical 
output. The detection range is 0.01-1 mM with ~35-fold induction as maximal response. The sensor 
was successfully used to screen fosmid libraries for benzamidase activity. The screening was done in 
microtiter plates, but given the strong maximal induction of the sensor response, it should be possi-
ble to use HT-interfaces like FACS. 
In another approach, Tang and Cirino (2011) constructed a mevalonate sensor with an engineered 
AraC variant and the Pbad-promoter, which is fused to GFP. The sensor exhibits a linear detection 
range from 10-100 mM with half maximal response at 150 mM and a 7-fold induction at maximal 
response. It was used to screen a library of E. coli cells, equipped with mutant MevT-operons, for 
improved mevalonate production. Further modification of AraC provided variants, which interact 
with triacetic acid lactone (TAL) as co-inducer. Thus GFP expression is modulated by intracellular TAL 
concentration with a detection range of 1-10 mM and 12-fold induction at maximal response. β-
Galactosidase activity-based assays were used to screen random and saturation libraries of Gerbera 
hybrida 2-pyrone synthase, an enzyme catalyzing condensation reactions of acetyl-CoA and malonyl-
CoA to TAL. Also in this case, a screening via FACS should be possible. 
The first example for the application of metabolite sensors to screen libraries of mutant cells for pro-
ductive variants by FACS was given by Binder et al. (2012). The sensor pSenLys, detecting arginine, 
histidine and lysine, is based on the amino acid exporter LysE from C. glutamicum. In previous work it 
was discovered, that lysE expression is modulated by the LTTR-type TF LysG, which becomes active 
upon binding of arginine, histidine and lysine as co-inducer (Bellmann et al., 2001; Vrljic et al., 1996). 
Fusion of PlysE with eyfp offers co-inducer dependent expression of FP and thus a graded optical out-
put of co-inducer concentration with a detection range for L-lysine of 4-25 mM and a 44-fold maxi-
mal induction. The sensor was successfully used to screen libraries of mutant C. glutamicum cells for 
variants with enhanced lysine production. Numerous novel mutants, accumulating up to 37 mM L-
lysine in the culture supernatant, were isolated. 
A metabolite sensor with specificity for methionine, leucine, isoleucine and valine was constructed by 
Mustafi et al. (2012). It is based on the transcriptional regulator Lrp, which modulates transcription 
of the two-component amino acid exporter BrnFE in C. glutamicum. On the sensor plasmid, PbrnF is 
fused with eYFP. Linear detection ranges and maximal induction factors are 0.2-23.5/78, 0.2-13.6/22, 
0.4-11.5/10, 1.5-23.4/12 for methionine, leucine, isoleucine and valine respectively. The sensor was 
successfully used to isolate C. glutamicum cells with improved valine production after whole-cell 
mutagenesis. 
LysR-type transcriptional regulators 
The largest group of one-component TFs in bacteria is represented by LysR-type transcriptional regu-
lators (LTTRs). LTTRs are involved in regulation of diverse cellular processes, including primary and 
secondary metabolism. Over 40,000 potential members are listed in the protein sequence analysis & 
classification database (IPR000847), sharing high-sequence similarity and domain organization. 
The conserved overall structure includes an N-terminal DNA-binding domain, linked to two C-
terminal effector-binding domains via an α-helix. Highest conservation is obtained in the DNA-
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binding domain, representing the classical helix-turn-helix (HTH) motif. First discovered in bacteria, 
the HTH-motif is one of the most abundant DNA-binding motifs in prokaryotes as well as eukaryotes. 
The HTH-motif of LTTRs consists of three α-helices. Interactions between these helices stabilize their 
relative orientation in a fixed angle, enabling one of them to fit into the major groove of the DNA-
double helix, forming highly specific interactions with the recognized promoter sequence (Aravind et 
al., 2005; Brennan and Matthews, 1989; Huffman and Brennan, 2002).  
As mentioned, transcriptional activation of the LTTRs depends on the presence of a co-inducer (effec-
tor), which is often the product or an intermediate of the regulated pathway (Celis, 1999; Keulen et 
al., 1998; Picossi et al., 2007). Although a putative effector binding cleft is predicted (Stec et al., 
2006) and supported by genetic and structural work (Ezezika et al., 2007; Monferrer et al., 2010), a 
structure of a full-length LTTR, co-crystallized with its effector, is not yet reported. 
Aims of this work 
(a) Construction and characterization of metabolite sensors for the detection of diverse amino acids 
in C. glutamicum and E. coli. 
(b) Application of the metabolite sensor pSenLys to isolate mutated variants of ArgB, HisG and LysC 
with abolished feedback inhibition to enable increased L-arginine, L-histidine and L-lysine synthe-
sis by C. glutamicum.  
(c) Crystallization of LysG, preferably in complex with its effector, and generation of structural mod-
els.  
Results 
(1) Taking Control over Control: Use of Product Sensing in Single Cells to Remove Flux Control at Key 
Enzymes in Biosynthesis Pathways 
(2) Structure of the transcriptional regulator LysG of Corynebacterium glutamicum in complex with 
its effector L-arginine 
(3) A high-throughput approach to identify genomic variants of bacterial metabolite producers at 
the single-cell level 
(4) SoxR as single-cell biosensor for NADPH-consuming enzymes in Escherichia coli 
(5) A disposable picolitre bioreactor for cultivation and investigation of industrially relevant bacteria 
on the single cell level  
(6) Beyond growth rate 0.6: Corynebacterium glutamicum cultivated in highly diluted environments. 
 11 
 
 12 
 
 13 
 
 14 
 
 15 
 
 16 
 
 17 
 
 18 
 
 19 
 
 
 20 
 
 21 
 
 22 
 
 23 
 
 24 
 
 25 
 
 26 
 
 27 
 
 28 
 
 29 
 
 
 30 
 
 31 
 
 32 
 
 33 
 
 34 
 
 35 
 
 36 
 
 37 
 
 38 
 
 39 
 
 40 
 
 41 
 
 
 42 
 
 43 
 
 44 
 
 45 
 
 46 
 
 47 
 
 48 
 
 
 49 
 
 
 50 
 
 51 
 
 52 
 
 53 
 
 54 
 
 55 
 
 56 
 
 57 
 
 
 58 
 
 59 
 
 60 
 
 61 
 
 62 
 
 63 
 
 64 
 
 65 
  
 66 
 
 67 
 
Discussion 
Construction of metabolite sensors 
As outlined in the introduction, the current number of transcription factor-based metabolite sensors, 
suitable for bacterial HT screenings, is very limited. The combined use of such sensors with FACS is 
reported so far for LysG and Lrp of C. glutamicum in screenings of new L-lysine producers (Binder et 
al., 2012) and L-valine producers (Mustafi et al., 2012), respectively.  
Metabolite sensors constructed in this study 
In this work 18 new metabolite sensors were constructed, in order to broaden the utility of amino 
acid sensors for E. coli and C. glutamicum. Eight of them used regulatory devices from C. glutamicum 
and twelve those from E. coli. Details are summarized in Table 1 which reports on only eleven of the 
sensors, since eight are covered by an industrial cooperation and thus confidential. In all cases eyfp 
was fused to the promoter of a gene, which is thought to be controlled by an effector-inducible regu-
lator. In several cases, this gene encodes a putative or verified amino acid exporter, which maybe 
induced by high intracellular amino acid concentrations. To include all potential TF-binding sites in 
the promoter regions, the first 30-60 codons of the selected native target genes were included in the 
fusion construct. A stop-codon followed by a ribosomal binding site is placed upstream of eyfp to 
enable its expression without the initial N-terminal amino acids of the natural target. If known, the 
corresponding TF is also encoded in the sensor plasmid; otherwise sensor function relies on chromo-
somal encoded TF.  
All metabolite sensors were introduced into their host-organism, C. glutamicum or E. coli, and fluo-
rescence in response to peptide-addition was assayed. Addition of peptides is a proven method to 
increase the cytosolic pool of a specific amino acid in C. glutamicum or E. coli (Bellmann et al., 2001; 
Kennerknecht et al., 2002; Simic et al., 2001; Tavori et al., 1981; Trötschel et al., 2005; Zittrich and 
Krämer, 1994). Peptides were always added to give a final concentration of 5mM and as the negative 
control water was used. Data were recorded using a BioLector microbioreactor system (Kensy et al., 
2009) with eYFP-filter gain set to 60, and backscatter gain set to 10. The specific fluorescence 
(eYFP/backscatter) is used as benchmark.  
Functional constructions 
Nine sensors responded specifically to externally added peptide. Whereas six of them belong to 
those covered by an industrial cooperation, the other three detect serine in C. glutamicum, leucine in 
E. coli, and arginine in E. coli, respectively. 
The serine sensor (pSenSer) is based on a putative serine exporter, encoded by cg0701. cg0702 is 
divergently transcribed and encodes an LTTR-type transcriptional regulator. This co-localization on 
the chromosome, the predicted function and experiments by N. Stäbler (unpublished data) led to the 
assumption, that Cg0702 regulates expression of cg0701 in response to intracellular serine concen-
tration and thus could be suitable to construct a sensor. As in case of LysE (Vrljic et al., 1996), Cg0701 
could naturally serve as a valve for exporting excess serine that might be harmful to the cell. Cells 
carrying pSenSer emitted enhanced fluorescence, when Ser-tripeptide was added, which was not the 
case with Thr-tripeptide or Ala-Ala dipeptide. In these experiments a 1.6-fold maximal induction was 
observed. When the serine producer strain Ser4 (Stolz et al., 2007), which accumulates up to 81 mM 
serine, was transformed with pSenSer, a 33.3-fold maximal induction was observed. This difference 
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in fluorescence between peptide feeding of wild-type cells and producer strain points to a general 
problem of in vivo sensor characterization. When no producer strain is available, peptide addition is 
the only option to increase the cytosolic pool of a specific amino acid. But peptide uptake rate, pep-
tide hydrolyzation and amino acid use may vary significantly, as known from the use of different L-
isoleucine or L-threonine containing peptides and determinations of intracellular amino acid concen-
trations (Kennerknecht et al., 2002; Simic et al., 2001; Zittrich and Krämer, 1994). In addition, stability 
of the intracellular concentration over time is not ensured (Diesveld et al., 2008), since the peptide is 
consumed. Thus data obtained with this method rather give qualitative information than to enable a 
quantitative assessment of sensor parameters. The selective increase of a specific small molecule in 
the cytosol is a major problem for the evaluation and characterization of sensors, except for studies 
with C. glutamicum and with amino acids, where intracellular concentrations have been determined 
(Bellmann et al., 2001; Kennerknecht et al., 2002; Simic et al., 2001; Trötschel et al., 2005; Zittrich 
and Krämer, 1994). In all other cases simply the dose response to externally added metabolite con-
centrations or inducer concentrations are given (Dietrich et al., 2010). 
pSenArg is constructed from the arginine exporter ArgO of E. coli and its LTTR-type transcriptional 
regulator ArgP. It was reported, that the transcription of argO is ArgP dependent and induced by 
arginine (Nandineni and Gowrishankar, 2004). Therefore, we expected the arginine-induced expres-
sion of the PargO-eyfp fusion construct. Indeed, the maximal sensor induction was 8.1-fold with this 
amino acid. Interestingly, ArgP interacts with both, arginine and lysine, as known for LysG in C. glu-
tamicum, which shares high sequence similarity with ArgP (35% identity, 53% similarity). Also re-
cruitment of RNA polymerase to the argO promoter is mediated by arginine- as well as lysine-bound 
ArgP. But in the final steps of transcription initiation, arginine-bound ArgP initiates argO transcription 
only, while lysine-bound ArgP restrains RNA polymerase at the promoter (Laishram and Gowrishan-
kar, 2007). Thus, the specificity for arginine is achieved on a higher level than that of the co-
inducer/transcription factor interaction.  
pSenLeu is based on RhtC from E. coli. Overexpression of rhtC in E. coli provides increased resistance 
to high threonine concentrations, which inhibit growth due to intracellular perturbations (Kruse et 
al., 2002; Zakataeva et al., 1999). Therefore it was annotated as probable threonine efflux trans-
porter. Further experiments supported this view by demonstrating enhanced threonine secretion of 
C. glutamicum cells, expressing rhtC from E. coli (Diesveld et al., 2008). However, expression of the 
PrhtC-eyfp fusion in E. coli cells carrying pSenLeu was induced 3.5-fold by Gly-Leu and Ala-Leu dipep-
tides and only 1.4-fold by Thr-Ala dipeptide. But these observations are not contradictory, since re-
sistance to high leucine concentrations was not tested by Zakataeva et al. and Thr-Ala dipeptide does 
induce PrhtC transcription. It is unknown, whether there is a TF activating rhtC transcription in re-
sponse to threonine or leucine. Nonetheless, Gly-Leu and Ala-Leu-dipeptide induced transcription of 
the PrthC-eyfp fusion argues for the presence of an activating transcription factor present in the chro-
mosome of E. coli.  
Non-functional constructions 
The threonine sensor pSenThrE is based on the threonine efflux protein ThrE of C. glutamicum. Simic 
et al. determined export rates for threonine in C. glutamicum wild-type cells, ThrE-overexpressing 
cells and a ThrE-deletion mutant to be 2.7, 3.8 and 1.1 nmol min-1 mg of dry weight-1 (Simic et al., 
2001).  Aside from ThrE mediated export, additional active export and passive diffusion contribute to 
total threonine export. In the sensor construct pSenThrE made in this work, PthrE is fused with eyfp 
and in addition the open reading frame (cg2904) upstream of thrE is included in the sensor plasmid. 
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Cg2904 includes a HTH-motif and thus could be the transcriptional regulator of thrE. When C. 
glutamicum cells carrying pSenThrE were incubated with Thr-tripeptide, eYFP-fluorescence increased 
by factor 1.6, compared to cells incubated with Ala-Ala dipeptide. Based on this weak induction, 
differentiation of cell populations by FACS was hardly possible. There are several reasons to explain 
this. Possibly, transcriptional activation of thrE expression by threonine is weak. The known rather 
slight increase of threonine export in thrE overexpressing cells from 2.7 to 3.8 nmol min-1 mg of dry 
weight-1 might be an indication for this. Moreover, it is not ensured that the putative regulator 
included in pSenThrE influences thrE expression. At least a failure to load the cells with threonine by 
Thr-tripeptide addition is unlikely, since much related procedures were used in previous works to 
obtain intracellular threonine concentrations of 160 mM (Diesveld et al., 2008; Palmieri et al., 1996; 
Simic et al., 2001).  
 
With six sensor constructs made, no specific response to any of the assayed peptide additions was 
observed. One of these cases was pSenThr1, based on Cg2941, annotated as putative threonine ef-
flux pump by sequence similarity prediction. The divergently transcribed cg2942 belongs to the AsnC 
type family of transcriptional regulators. This gene organization and prediction of function was the 
reason to construct pSenThr1. However, with all tested peptides as well as water as a negative con-
trol, only basal fluorescence was observed, representing a very low constitutive expression of eYFP. 
There are a number of reasons to explain this fact. Among them it could be, that Cg2941 is defect or 
not expressed. However, it is more likely that Cg2941 does not export an amino acid but another 
unknown small molecule. Whereas the polarity of transport direction (i.e. outward versus inward) is 
largely retained within a transporter family (Saier, 2000), the substrates for transporters can hardly 
be predicted.  
Another example of a non-functional construct is pSenHis, based on hutH and hutG from Corynebac-
terium resistens. The hut (histidine utilization) gene cluster contains four transcriptional units, whose 
transcription is controlled by the HutR protein, an IclR-type regulator, and is activated, when histi-
dine is used as sole nitrogen source (Schröder et al., 2012). Strongest induction of the operon by 
histidine was observed for hutH, followed by hutG. Promoters of both genes were used to construct 
pSenHis with a PhutG-eyfp and a PhutH-crimson fusion and hutR on the plasmid.  Unfortunately, C. glu-
tamicum pSenHis cells grown in presence of various peptides, including His-Ala, did not emit any 
fluorescence. C. glutamicum does not possess genes for histidine utilization and does not grow with 
histidine as sole nitrogen source (Kulis-Horn et al., 2013). In a BLAST search with the HutR protein 
sequence as template no ortholog of HutR in C. glutamicum was found. To test, whether an induction 
of hut genes is possible in C. glutamicum under nitrogen-limitation, cells were cultivated in CgXII 
medium containing glutamine instead of urea and ammonium. Again, no sensor response was de-
tectable. These observations indicate that HutR/histidine induced transcription of hutH and hutG 
genes is not transferable to C. glutamicum. There are again several reasons to explain the failure of a 
His-dependent induction of fluorescence. One could speculate that environmental condition-specific 
activation of the responsible sigma factor differs between C. glutamicum and C. resistens. Also the 
fact, that in many cases of histidine utilization imidazole acrylic acid is the inducer of the hut operon 
(Zhang and Rainey, 2007), may explain malfunction of pSenHis. 
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Table 1: Overview of metabolite sensors constructed in this study. 1(Simic et al., 2001), 2(Brune et al., 2007), 3(Schröder et al., 2012), 4(Celis, 1999; Laishram 
and Gowrishankar, 2007; Nandineni and Gowrishankar, 2004; Peeters et al., 2009), 5(Kruse et al., 2002; Livshits et al., 2003; Zakataeva et al., 1999), 
6(Tsyrenzhapova et al., 2009) 
Plasmid Sensor     
induced by 
Regulator Regulator 
family 
Putative  
effector 
Controlled 
gene 
Annotated protein function Organism Ref. 
                  
pSenSer(Cg) D/L-Ser Cg0702 LTTR Ser cg0701  DMT family permease C. glutamicum   
pSen3413(Cg) - Lrp AsnC Leu, Met, Val cg3413  Putative branched-chain amino acid permease C. glutamicum   
pSen2941(Cg) - Cg2942 AsnC Thr cg2941  Putative threonine efflux protein C. glutamicum   
pSenThrE(Cg) L-Thr Cg2904 Xre Thr thrE  Putative threonine exporter C. glutamicum 1 
pSen2546(Cg) - Cg1486 IclR Leu cg2546  Putative secondary C4-dicarboxylate transporter C. glutamicum 2 
pSenHutGH(Cg) - HutR IclR His hutG , hutH  Formiminoglutamase / Histidine ammonia-lyase C. resistens 3 
pSenArg(Ec) L-Arg ArgP LTTR Arg argO  Arginine transporter E. coli 4 
pSenLeu(Ec) L-Leu Unknown  Thr rhtC  Threonine efflux pump E. coli 5 
pSenYddG(Ec) - Unknown   Phe yddG  Aromatic amino acid exporter E. coli 6 
pSenYfeH(Ec) - YfeR LTTR Cys, OAS yfeH  Inner membrane protein E. coli  
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Desirable characteristics of metabolite sensors for HT-screening approaches 
Based on literature data and own experiments, some specific features of metabolite sensors might 
be desirable for screening purposes. 
(1) In metabolic engineering approaches, presumably sensors with a detection range in the mil-
limolar range will be required. Many TFs meet this requirement, for example AraC variants, 
detecting mevalonate at concentrations ranging from 10-100 mM or TAL concentrations 
from 1-10 mM (Tang and Cirino, 2011; Tang et al., 2013). LysG senses L-lysine from 4-25 mM 
and Lrp responds to L-methionine concentrations ranging from 0.2-23.5 mM (Binder et al., 
2012; Mustafi et al., 2012). In some metabolic engineering approaches less sensitive variants 
of a specific sensor could be of particular interest, in order to discriminate highly productive 
strains and already productive ones. To meet those needs, the sensitivity of TF-based metab-
olite sensors can be modified, as demonstrated for variants of AraC (Tang and Cirino, 2011; 
Tang et al., 2013).  
 
(2) Preferably, there is a strong signal induction in response to effectors to facilitate clear dis-
crimination of cells with induced and un-induced sensor. Many TF-based sensors provide 
these characteristics, for example the Lrp based methionine sensor (Mustafi et al., 2012), 
pSenLys (Binder et al., 2012), the BenR based benzoate sensor (Uchiyama and Miyazaki, 
2010) and pSenSer (Binder et al., 2012) with a maximal induction of 78-fold, 44-fold, 35-fold 
and 33-fold respectively. 
 
Comparing the fluorescence of single cells, individual gene expression noise can be a relevant 
factor by enhancing the strength of background signal. This might be a problem, when 
screening approaches are based on small differences in signal strength, for example when 
strains with slightly different productivity should be distinguished. Gene expression noise 
arises from cell-specific differences in cell cycle stage, fluctuations in plasmid copy numbers 
and physiologic adaption to individual micro-environments (Raser and O’Shea, 2004; Tang, 
2008). For example, different copy numbers of the sensor plasmid within different cells could 
result in different FP expression, even if sensed product concentrations are equal or provok-
ing the opposite relation. Thus, gene expression noise may distort the quantitative output of 
a metabolite sensor, as reported for an allosteric ribozyme, detecting theophylline (Liang et 
al., 2012). To reduce gene expression noise in this example, the theophylline responsive fluo-
rescence signal was normalized to another fluorescence signal, controlled by a constitutive 
promoter, whose activity may correspond to cell-specific conditions. Plotting one signal 
against the other in FACS experiments facilitated discrimination of different populations, 
which was impossible without the constitutive signal. This principle could also be beneficial 
for TF-based sensors.  
 
(3) The total signal strength appears to be less critical for many screening approaches, because 
the sensitivity of detection machinery, for example plate-readers or FACS, is rarely limiting. 
However, there are several aspects, which are relevant for signal-intensity, for example the 
copy number of the TF, copy number of the sensor plasmid, maturation of eYFP and half-life 
of eYFP. To investigate the influence of TF-copy-numbers on sensor function, derivatives of 
pSenLys with or without plasmid encoded LysG were constructed. Lysine overproducing C. 
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glutamicum cells, carrying pSenLys without lysG, emitted 30% less eYFP-fluorescence than 
cells carrying pSenLys with lysG present. This may indicate, that the number of LysG mole-
cules limits PlysE-controlled eYFP expression and that a higher copy number of lysG leads to a 
higher concentration of LysG enabling stronger eYFP expression. Stronger fluorescent cells 
were also observed by Baumgart et al. with the same basic sensor construct in different 
plasmid backgrounds (Baumgart et al., 2013). In this case, increased fluorescence correlates 
with an increased plasmid copy number. However, a total increase in fluorescence by such 
means does not solve the problem of weak sensitivity, since also the background fluores-
cence is expected to increase. 
 
Protein folding and chromophore formation of GFP and its derivatives are a time- and oxy-
gen-dependent process. Cells in an exponentially growing culture are often limited by oxygen 
supply, which results in delayed chromophore maturation and thus delayed sensor signal, 
represented by a temporary decline in culture fluorescence prior to the stationary growth-
phase (Hentschel et al., 2013; Shaner et al., 2005; Tsien, 1998). This could be avoided by us-
ing Flavin Mononucleotide-binding fluorescent proteins (FbFPs), which are oxygen-
independent and emit fluorescence immediately after gene expression (Drepper et al., 2010). 
 
In addition, the stability of GFP derivatives influences the total signal intensity due to an ex-
tremely long half-life of up to several days (Tombolini et al., 1997). This leads to an accumu-
lation of the protein within the cell, thereby increasing fluorescence over time. The attach-
ment of C-terminal tags, which render the protein accessible for tail-specific proteases, re-
duces the half-life dramatically (Allen et al., 2007; Andersen et al., 1998; Blokpoel et al., 
2003; Triccas et al., 2002). This was also done for eYFP in C. glutamicum and results in re-
duced overall signal intensity (Hentschel et al., 2013). 
 
(4) Requirements on sensor specificity depend on individual screening applications. Many TFs 
do not solely interact with one effector, but with several related ones. This is no disad-
vantage, as long as the substance of interest does not compete with an alternative effector, 
which is frequently present at higher concentrations. For example, the use of pSenLys to 
screen mutant libraries of C. glutamicum for enhanced lysine production is not hampered by 
parallel sensitivity of pSenLys for histidine and arginine (Binder et al., 2012). The reason is, 
that the probability to achieve lysine overproducing mutants is much larger than the chance 
to get histidine or arginine overproducing mutants, because more mutations in specific com-
binations are necessary to provoke that. In return it is very difficult to screen for histidine or 
arginine producers in this setup, as observed by S. Binder (personal communication). The 
foregoing also applies to the Lrp/brnF based sensor, detecting methionine, leucine, isoleu-
cine and valine (Mustafi et al., 2012). Even if methionine causes strongest sensor response, 
attempts to isolate mutant C. glutamicum cells with enhanced methionine production were 
not successful, because frequently occurring valine producers appeared as vast amounts of 
false-positives.  
 
On the other hand, multiple specificities for several compounds of interest can be an ad-
vantage, enabling application of the sensor in different screening approaches. In the present 
work pSenLys was successfully used to isolate productive mutants of ArgB, HisG and LysC, 
key enzymes of arginine, histidine and lysine biosynthesis (Schendzielorz et al., 2013). Given 
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the targeted mutagenesis without affecting biosynthesis pathways for competing metabo-
lites, multiple sensitivities of pSenLys did not hamper the screenings. 
 
(5) In order to broaden the applicability of a sensor system, access to specific variants for a 
broad range of substances would be beneficial. Microorganisms possess a large number of 
natural TFs with many of them detecting biotechnological relevant molecules. Moreover, 
protein engineering and fine-tuning of sensor response offers possibilities to modify specifici-
ty and sensitivity of these TFs to meet individual needs (Collins et al., 2006; Tang and Cirino, 
2011; Tang et al., 2013).  
 
Aside from effector-specificities, function of a given sensor in different host-organisms would 
broaden the applicability. To address this point, the transferability of metabolite sensors 
from C. glutamicum to E. coli or vice versa was tested with pSenLys and pSenArg. These sen-
sors are based on the orthologous regulator/exporter pairs LysG/LysE and ArgP/ArgO, which, 
as mentioned, share high sequence similarity and have in part the same function. Both sen-
sors are functional in their host organisms. When C. glutamicum was transformed with 
pSenArg, constitutive fluorescence at a medium level was observed regardless, whether Ala-
Ala, Arg-Ala, His-Ala or Lys-Ala was added. Similar results were obtained with E. coli cells car-
rying pSenLys. This observation is not consistent with experiments by Marbaniang et al., who 
observed, that LysG activates lysE expression in E. coli, induced by Arg-Ala, His-Ala or Lys-Ala, 
whereas ArgP or LysG do not cross-activate their orthologous targets lysE or argO (Mar-
baniang and Gowrishankar, 2012). The reconstitution of LysG/lysE regulation was not possi-
ble in this work with pSenLys in either E. coli DH5α or E. coli ER2566 (NEB). Different experi-
mental setups could be the reason for that. In the work by Marbaniang et al. lysG is fused to 
the Para promoter, rendering lysG expression inducible by arabinose, while in this study, na-
tive PlysG promoter was present in the sensor plasmid, which might be inactive in E. coli. 
Moreover, a larger lysE regulatory region (nucleotides -289 bp to +45 bp with respect to 
transcription start) was used in the fusions of PlysE or PargO with the reporter gene. As reporter 
gene lacZ was used to detect transcriptional activation via β-galactosidase. 
 
Experiments with other sensors constructed in this study indicate, that a transfer of sensor-
function from C. glutamicum to E. coli or vice versa is not possible in any of these cases (data 
not shown). This is in accordance with the fact, that there are no further reports of in vivo re-
constitution of transcriptional activation between C. glutamicum and E. coli (Marbaniang and 
Gowrishankar, 2012), although many promoters from C. glutamicum are active in E. coli 
(Pátek et al., 2003). 
Library Screening 
Enzymes with key roles in biosynthesis of biotechnological products are often feedback inhibited by 
an intermediate or the final product of the corresponding pathway (Eggeling, L., Pfefferle, W. and 
Sahm, 2006; Ikeda et al., 2009). This renders them unsuitable for overproduction of desired sub-
stances and requires the availability of feedback resistant variants for the construction of producer 
strains. To date, nearly all known feedback resistant enzyme variants were derived from mutant 
strains, obtained by undirected mutation and selection. For example, a superior L-threonine produc-
er of E. coli was constructed using three feedback resistant enzymes (lysC-T432I, thrA-S345F and tdh-
S97F), which were all taken from classical mutant strains (Lee et al., 2007). Also a C. glutamicum 
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strain with improved L-lysine production was generated by introducing two mutations (pyc-P485S, 
lysC-T311I) derived from classical mutants (Becker et al., 2011). In a muconic acid producing strain of 
Saccharomyces cerevisiae, an already known allele of 3-deoxy-D-arabinoheptulosonate-7-phosphate 
(DAHP) synthase (aro4-K229L) was used to reduce feedback inhibition in the shikimate pathway (Cur-
ran et al., 2013). However, dependence on classical producer strains limits accessibility of feedback 
resistant enzymes and in some cases such enzymes, respectively mutant strains containing such en-
zymes, are not easily available. To overcome this problem the metabolite sensor pSenLys was used in 
the present work to derive a number of feedback resistant key enzymes of the arginine, lysine and 
histidine biosynthesis pathway of  C. glutamicum.  
Productive mutants of N-acetylglutamate kinase 
The argB-encoded N-acetylglutamate kinase (NAGK) initiates the L-arginine biosynthesis pathway in 
C. glutamicum, catalyzing the transfer of a phosphate group from ATP to N-acetyl-L-glutamate. En-
zymatic activity is strongly inhibited by L-arginine, preventing increased L-arginine formation (Ramón-
Maiques et al., 2006; Xu et al., 2007). Several feedback resistant variants of ArgB were derived from 
mutant strains (Ikeda et al., 2009) or obtained by site-directed mutagenesis (Xu et al., 2012). In this 
work, additional feedback resistant NAGK-variants were identified and characterized in vivo and in 
vitro. Compared to wild-type enzyme, all analyzed mutants exhibit at least a 19.5-fold higher Ki for L-
arginine, a higher Km for the substrate N-acetyl-L-glutamate and with one exception, reduced kcat 
values (Schendzielorz et al., 2013, Table 2). 
In its native form, C. glutamicum NAGK homodimers assemble to ring-like hexamers via N-terminal α-
helices. The mechanism of feedback inhibition by L-arginine relies on this hexameric structure. L-
arginine is bound in the interdimeric junction between the N-terminal helix of one monomer and the 
C-terminal lobe of another, resulting in six arginine sites per hexamer. Upon arginine binding, orien-
tation of the N-terminal helix is changed, provoking increased distance between the bodies of two 
adjacent dimers. This produces structural tension on the ring-like hexameric complex, resulting in an 
enlarged active center with increased distance between the ATP and NAG site (open form), which 
hampers catalysis (Ramón-Maiques et al., 2006). Given the fact, that arginine interacts with the N-
helix and orientation of the N-helix influences catalytic activity, one could speculate, that some mu-
tations obtained in this study affect feedback inhibition by altering orientation or flexibility of the N-
helix, as also speculated by Xu et al. (2012). 
The binding of arginine to the interdimeric junctions follows a cooperative kinetic. Presumably, bind-
ing of first arginine molecules lead to structural rearrangements, which provoke high-affinity states 
of other arginine binding sites. This theory is supported by the arginine- and substrate-free crystal 
structure of Mycobacterium tuberculosis NAGK, which exhibits five subunits in the closed, active form 
and one subunit in the open form, which is highly sensitivity for arginine (Ramón-Maiques et al., 
2006). As mentioned above, one NAGK mutant (K47H) exhibits a higher kcat than wildtype-enzyme. 
One speculative explanation is, that K47H stabilizes the orientation of the N-terminal helix by interac-
tions with the amide backbone, and thereby lowers affinity for arginine in all of the six subunits. This 
favors the active, closed form for all six active centers, which may enhance overall catalytic activity.  
In other cases, in vitro and in vivo performances of mutant NAGKs are not consistent. For example, 
the mutants ArgB-K47H-G122T and ArgB-K47H-G122T-T180P differ greatly regarding catalytic effi-
ciency, but perform similarly with respect to in vivo product accumulation (Schendzielorz et al., 2013, 
Table 1/ Table 2). Obviously, in vitro conditions do not integrate the total cellular characteristics, 
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which are relevant for overproduction of the final product L-arginine. This emphasizes an advantage 
of in vivo screenings for the isolation of productive enzyme variants, as compared to the in silico de-
sign of enzymes. 
Productive mutants of aspartate kinase 
The aspartate kinase, encoded by lysC, catalyzes the initial step in lysine biosynthesis and is feedback 
inhibited by L-lysine in C. glutamicum (Shiio and Miyajima, 1969). Numerous mutations, conferring 
feedback resistance, are already known and in many cases covered by patents (Table 2), making 
them unavailable for competing projects. In this study, new productive variants were generated and 
characterized (Schendzielorz et al., 2013, Table 3). 
Table 2: Overview of patented mutations in LysC (Eggeling and Bott, 2005) 
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Amino acid exchange / 
Accession number, patent 
                          
            X           E06825, WO9425605_1 
X           X           E06826, WO9425605_2 
            X   X       L16848 
            X X X       L27125 
X                       E08178 
  X                     E08179 
    X                   E08180 
        X               E08181 
      X                 X57226, EP0387527 
                    X X JP6261766_1 
X                   X X JP6261766_2 
  X                 X X JP6261766_3 
    X               X X JP6261766_4 
        X           X X JP6261766_5 
          X             EP1108790 
 
LysC is a heterotetramer, consisting of two catalytic α-fragments and two regulatory β-fragments 
(Yoshida et al., 2010). All known mutations, conferring feedback resistance, are solely located in the 
regulatory β-fragment (Chen et al., 2011; Jetten et al., 1995; Ohnishi et al., 2002; Shiio et al., 1970; 
Thierbach et al., 1990), while productive variants, identified in this study, contain mutations in both 
domains (Schendzielorz et al., 2013, Table S6). To confirm the influence of mutations in the catalytic 
α-fragment on enhanced lysine formation, the mutation N21D was introduced into the wildtype se-
quence. C. glutamicum cells, expressing LysC-N21D accumulated 16-fold more L-lysine in the culture 
supernatant than cells expressing LysC-WT under same conditions. When N21D is combined with 
T311I, a known mutation in the regulatory domain conferring feedback resistance (Ohnishi et al., 
2002), product accumulation exceeds both single mutants. The surprising fact, why the single muta-
tion N21D causes increased lysine formation, is not known. The identification of productive muta-
tions in the catalytic domain, whose positive influence on product formation was not expected by 
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structural knowledge of the enzyme, underlines the advantage of undirected approaches in combina-
tion with HT-in-vivo screening systems.  
Productive mutants of ATP phosphoribosyl transferase 
The hisG-encoded ATP phosphoribosyl transferase controls histidine biosynthesis in C. glutamicum 
and is feedback inhibited by L-histidine (Mizukami et al., 1994). The crystal structure of M. tuberculo-
sis HisG in complex with histidine is known (Cho et al., 2003). This enabled homology modeling of C. 
glutamicum HisG by SWISS-MODEL (Arnold et al., 2006) and assignment of residues, which may in-
teract with histidine. Based on that, seven residues were selected for saturation by degenerate NNK 
codons, and five libraries were constructed with two of them covering two codons in parallel. By NNK 
saturation, all 20 amino acids are represented in 32 different codons, resulting in a library size of 
1024 unique clones, when two codons are saturated in parallel. Those HisG-variants, causing strong-
est histidine accumulation, were isolated from the double-saturation library GT233 (Schendzielorz et 
al., 2013, Table 3). Another site, N216, has been proven to be relevant for enhanced histidine for-
mation. Possibly, triple-saturation libraries including all three residues would gain access to even 
better performing HisG-variants. This library would contain nearly 33,000 clones, emphasizing the 
need for HT-screening techniques once more. 
Crystal structure of LysG 
Only a limited number of full-length LTTR structures is available and no structure of a full-length LTTR 
co-crystallized with its effector is reported so far, leaving structural mechanisms of effector-induced 
transcription initiation a matter of speculation. LysG was successfully crystallized without ligand and 
co-crystallized with L-arginine, L-histidine and L-lysine. Structural models were generated for LysG 
without ligand and LysG-Arg, since only in these cases sufficient electron density maps could be ob-
tained (Schendzielorz and Syberg, 2013, Table 1). 
The structural model of LysG conforms largely to known models for other LTTRs (Monferrer et al., 
2010; Muraoka et al., 2003; Ruangprasert et al., 2010; Sainsbury et al., 2009; Taylor et al., 2012; Zhou 
et al., 2010), with an N-terminal DNA-binding domain (DBD), an α-helical linker (LH) and two C-
terminal effector-binding domains (EBD-I, EBD-II) (Schendzielorz and Syberg, 2013, Figure 2). Four 
LysG molecules are present in the unit-cell, forming homodimers, while in each dimer two different 
forms of the protomer, a compact one and an extended one, are found (Schendzielorz and Syberg, 
2013, Figure 2). Two dimers align to a tetramer (dimer of dimers), which was also observed for CbnR 
(Muraoka et al., 2003), ArgP (Zhou et al., 2010) and TsaR (Monferrer et al., 2010). Gelchromatog-
raphy experiments with native LysG indicate, that a tetrameric assembly is also present in solution 
(Binder et al., 2012, Figure S1). 
All four DBDs are exposed on one side of the tetramer, thereby facilitating their binding to the DNA. 
According to the current model, LTTRs bind via both homodimers at two distinct sites in the target 
promoter, the regulatory binding site (RBS), located at -35 to +20 bp, and the activation binding site 
(ABS), located -40 to -20 bp (Leveau et al., 1994; McFall et al., 1997, 1998; Ogawa et al., 1999; Wang 
and Winans, 1995a, 1995b; Wang et al., 1992). It is proposed, that in the un-induced state one dimer 
binds tightly to the RBS, while the second dimer binds loosely to the ABS. Interaction with an effector 
might result in enhanced binding of the second dimer to the ABS (Monferrer et al., 2010; Tropel and 
Meer, 2004) and exposition of interfaces for RNAP interaction, thereby activating transcription (Zhou 
et al., 2010). This model implies effector-induced structural changes of the dimeric or tetrameric 
LTTR-structure (Choi et al., 2001; Ezezika et al., 2007).  
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First insights into LTTR-effector interaction on the structural level were obtained with truncated ver-
sions of BenM and CatM of Acinetobacter baylyi (Ezezika et al., 2007). The effector domains of BenM 
and CatM were crystallized and soaked with the effectors benzoate and muconate. Both effectors 
were found to bind in a region between EBD-I and EBD-II, which was predicted as inducer binding 
cleft (IBC) (Akakura and Winans, 2002; Dangel et al., 2005; Lochowska et al., 2001; Schell, 1993; 
Smirnova et al., 2004; Stec et al., 2006; Tyrrell et al., 1997). Because the EBDs were crystallized with-
out LH and DBD, influences of effector-induced EBD-reorientation on the full-length structure or sub-
sequently on dimer and tetramer assembly remained still speculative. 
Recently, crystals of TsaR were soaked with high concentrations of its effector p-toluenesulfonate 
(TSA) (Monferrer et al., 2010). Collected datasets revealed 11 TSA molecules in the asymmetric unit, 
thus 22 TSA molecules in the tetramer. Two of them are located in the assumed IBC of both, the 
closed and extended protomers, whose structure and orientation was not different from the effec-
tor-free ones. Thus, conclusions about structural outcomes of effector-binding and consequences on 
higher structural level were difficult to draw. 
In the model of co-crystallized LysG-Arg, arginine does also bind in the proposed IBC between EBD-I 
and EBD-II (Schendzielorz and Syberg, 2013, Figure 10). Two arginine molecules were discovered in 
the tetramer, one of them in each IBC of the extended protomers. Arginine is mainly coordinated by 
negatively charged side chains of neighboring residues. By this it seems possible, that similar interac-
tions will also coordinate lysine and histidine as effectors, which are proven to induce LysG-mediated 
transcriptional activation by physiological experiments (Bellmann et al., 2001; Vrljic et al., 1996). 
Structural differences between the models for LysG and LysG-Arg are visible. In the arginine bound 
form, the side chains of two residues in the EBD, Asp124 and Glu125, are rotated to point towards 
the IBC, thereby coordinating the amide group of L-arginine. This results in tilting of α-helix 6, the 
second helix of the regulatory domain, by 8° (Schendzielorz and Syberg, 2013, Figure 8). The tilt 
opens up a possible interaction interface between α-helix 6 of the arginine-containing extended pro-
tomer and the HTH motif of the compact protomer. This enables a possible connection of effector 
interaction with the C-terminal part of LysG and structural changes in the N-terminal HTH-motif, 
which binds to the DNA. In fact, reorientation of the HTH-motif is not visible in our model for co-
crystallized LysG-Arg. This could be explained by the absence of DNA in our model, which might be 
necessary for native orientation of DBDs, since DNA is an essential part of the higher-order complex, 
involved in the transcription initiation process. Co-crystallization of LysG with arginine and DNA 
would be an option to prove that. Moreover, crystallization conditions could influence the structure 
and result in non-native conformations of the DBD. Structural analysis of LysG-Arg in solution, for 
example by NMR, would avoid these effects.  
These results do not support former models by Ezezika et al. and Monferrer et al., which propose 
effector-induced modulation of tetramer packing and subsequent changes in DBD distances. Instead, 
the now identified tilt of α-helix 6 might represent an information pathway to transmit presence or 
absence of effector at the EBD to the DBD. 
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 Table S1. Strains and plasmids 
 
Strain or plasmid Description Reference 
WT C. glutamicum  WT strain ATCC 13032, biotin-auxotroph  This laboratory  
C. glutamicum DM1132 WT strain ATCC 13032, biotin-auxotroph Evonik laboratory 
C. glutamicum DM1728 pyc(P458S), hom(V59A) [1] 
C. glutamicum DM1730 pyc(P458S), hom(V59A), lysC(T311I), Δpck Evonik laboratory 
C. glutamicum DM1800 pyc(P458S), lysC(T311I) [1] 
C. glutamicum DM1919 pyc(P458S), hom(V59A), 2 copies of lysC(T311I), Δpck Evonik laboratory 
C. glutamicum DM1920 
pyc(P458S), hom(V59A), 2 copies of lysC(T311I), Δpck, 2 
copies of lysE derived from WT C. glutamicum 
Evonik laboratory 
C. glutamicum DM1933 
Δpck, pyc(P458S), hom(V59A), 2 copies of lysC(T311I), 2 
copies of asd, 2 copies of dapA, 2 copies of dapB, 2 copies 
of ddh, 2 copies of lysA, 2 copies of lysE derived from WT C. 
glutamicum 
[2] 
C. glutamicum-Ser4 ATCC13032 ΔsdaAΔpabABC pserAfbrCB [2] 
C. glutamicum-Cys3 ATCC13032 ΔsdaAΔpabABCΔaecD pserAfbrCB  This laboratory 
E. coli DH5α 
F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 
Φ80dlacZΔM15 Δ(lacZYA-argF)U169, hsdR17(rK- mK+), λ–  
[3] 
pK19mobsacB Km
r
, Suc
r
, mobilizable (oriT), oriV [4] 
pSenLys 
Encodes C. glutamicum LysG, and its target promoter of lysE 
with a transcriptional fusion to eyfp 
HE583184 
pSenArg 
Encodes E. coli ArgP, and its target promoter of argO with a 
transcriptional fusion to eyfp 
HE583185 
pSenSer 
Encodes C. glutamicum NCgl0581, and its target promoter 
of NCgl0580 with a transcriptional fusion to eyfp 
HE583186 
pSenOAS 
Encodes C. glutamicum CysR, and its target promoter of cysI 
with a transcriptional fusion to eyfp 
HE583187 
 
The regulatory units of the pSen series of vectors were synthesized (LifeTechnologies GmbH, Frankfurter-
Str.129b, 64293 Darmstadt, Germany) and cloned into pJC1. Full sequences have been deposited at EMBL.  
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Table S2. Quality assessment of sorting cells carrying pSenLys 
 
Sorting criteria 
Viability Verified strain 
Sorting 
specificity  Sorted in 
total 
Grown  WT DM1728 DM1919 
P1 (ATCC13032) 432 386 89.4 (%) 99.4 0.6 0 99.4 (%) 
P2 (DM1728) 288 257 89.2 (%) 3.1 94.8 2.1 94.8 (%) 
P3 (DM1919) 288 244 84.7 (%) 4.2 6.2 89.6 89.6 (%) 
Average   87.8 (%)    94.6 (%) 
 
Sorting criteria 
Viability Verified strain 
Sorting 
specificity  Sorted in 
total 
Grown (%) WT DM1728 
P2 (DM1728) 200 184 92.0 (%) 7.3 92.7 92.7 (%) 
 
The upper part of the Table shows the result of sorting the mixture of three strains using gates P1-P3. Viability 
of sorted cells was determined by counting cfus grown up after spotting single cells on BHI petri dishes and 
incubating for 48 hrs at 30°C. Strains were verified by cultivating 96 clones in a microtiter plate containing min-
imal medium CGXII with 4% (w/v) glucose and quantification of their L-lysine forming capability after 48 hrs.  
The lower part of the Table shows the result of sorting DM1728 out of 10,000 wild type cells, both carrying 
pSenLys. Determination of viability and L-lysine formation was as above. 
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Table S3. L-lysine formation with mutations introduced by reverse engineering 
 
Mutation Recombinant strain Lysine (mM) 
Isolated 
mutant 
Lysine (mM) 
thrB S102F Lys016 0.4 K016 2.1 
hom V211F Lys039 6.3 K039 10.9 
hom A364V Lys049 1.1 K049 9.6 
lysC H357Y Lys096 0.9 K096 2.3 
 
In the recombinant strains the single mutation given in the left column was introduced in the wild type genome 
ATCC13032 by allelic exchange as described [4]. L-lysine accumulations were determined in SK cultivations and 
the L-lysine formed determined after 48 hrs. For comparison L-lysine accumulations are shown for the original 
clones from which the specific mutations were derived by targeted sequencing. 
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Table S4. Statistical analysis of whole-genome sequencing 
 
 Strain K051 
Description value 
Number of sequenced reads 20,156,524 
Avg. length of sequenced read [bp] 51.0 
Number of reads after trimming 19,908,254 
Avg. length of reads after trimming [bp] 48.1 
Number of paired reads after trimming used for mapping 19,664,448 
Number of reads mapped to reference 17,877,215 
Coverage (# mapped reads * avg. length/3301500) 260.5 
SNPs in total 268 100 % 
Transitions 268 100 % 
SNPs leading to amino acid exchange 171 63.8 % 
Silent mutations 65 24.3 % 
Intergenic SNPs 28 10.4 % 
Introduced stop-codons 4 1.5 % 
 
Sequence reads were generated on an Illumina HiSeq 2000 and performed at GATC (GATC Biotech AG, Jakob-
Stadler-Platz 7, 78467 Konstanz, Germany). Trimming and mapping was done using the CLC Genomics Work-
bench Version 4.7.2 software of CLC bio (Finlandsgade 10-12, Katrinebjerg , 8200 Aarhus N, Denmark). 
 105 
 
Table S5. Growth rates of murE mutants 
 
Strain µ h-1 
DM1132 (WT) 0.49 ± 0.11 
DM1728  0.46 ± 0.16 
DM1730  0.43 ± 0.11 
DM1800  0.43 ± 0.16 
DM1933 0.37 ± 0.13 
DM1132 (L121F) 0.45 ± 0.09 
DM1728 (L121F) 0.43 ± 0.20 
DM1730 (L121F) 0.40 ± 0.11 
DM1800 (L121F) 0.43 ± 0.19 
DM1933 (L121F) 0.35 ± 0.14 
DM1132 (G81E) 0.39 ± 0.12 
DM1728 (G81E) 0.36 ± 0.16 
DM1730 (G81E) 0.41 ± 0.10 
DM1800 (G81E) 0.45 ± 0.18 
DM1933 (G81E) 0.31 ± 0.21 
 
Strains were pregrown for 8 hrs on complex medium BHI, followed by growth overnight  in minimal medium 
CGXII-glucose, and this used to inoculate cultures in a new CGXII-glucose to determine growth rates. Cultiva-
tions were done in microtiter plates and growth was recorded from three parallel cultures. 
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a 
b 
c 
 
 
Figure S1. Isolation of LysG and characterization of LysG binding site. (a) Isolation of His-LysG and gel filtration 
analysis of LysG devoid of tag together with the calibration curve used for molecular mass determination. LysG 
eluted with an apparent molecular mass of ~140 kDa. Since the LysG monomer has a molecular mass of 32 kDa, 
LysG in solution forms a homotetramer similar to other LTTR-type regulators such as CbnR of Ralstonia eu-
tropha [5] or CysB of Escherichia coli [6].  (b) Overview on lysGE organization with the intergenic region on top. 
The relative position of DNA fragments lysGE-1 to lysGE-6 are given and the location of the activation binding 
site (ABS) in blue and the recognition binding site (RecBS) in green. (c) Electrophoretic mobility shift assays 
showing binding of fragments 1-4 to LysG. In each panel (from left to right) no LysG was added, added in a 20-
fold excess, and 50-fold excess.  
a 
b 
c 
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Figure S2. Vector pSenLys and general configuration of sensor plasmid. The vector pSenLys is a shuttle vector 
replicating in both C. glutamicum and E. coli. It carries the metabolite inducible marker region encoding the L-
lysine sensing transcriptional regulator LysG. In presence of L-lysine LysG drives transcription of lysE, which is 
fused with eyfp, resulting in green fluorescence. pSenLys also carries the IPTG inducible marker region encoding 
the LacIq repressor which, in the presence of IPTG, diffuses from the tac promoter region in front of E2-
Crimson, resulting in red fluorescence. The system permits the selection of viable cells that are capable of pro-
tein synthesis. 
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Figure S3. Peptide-dose response with E. coli pSenArg and C. glutamicum pSenSer. (a) E. coli pSenArg was culti-
vated in minimal medium and the specific peptide added at the given concentration. Addition of Arg-Ala results 
in fluorescent cultures, but this is not the case with His-Ala or Lys-Ala. (b) C. glutamicum pSenSer was cultivated 
in minimal medium and peptides added as shown. Ser-Ser-Ser results in fluorescent cultures, but this is not the 
case with Ala-Ala or Thr-Ala. In all cases Ala-Ala was included to give a total peptide concentration of 3 mM. 
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Figure S4. Development of Crimson and EYFP signals in mixtures of equal numbers of ATCC13032 and DM1728. 
To simulate the transfer of the mutant glycerol stock into minimal medium, the two cell types grown on BHI 
were mixed, glycerol was added and cells frozen. (a) Cells from the stock were diluted in minimal medium plus 
0.1 mM IPTG. At the beginning of cultivation and 2, 4, and 8 hrs later, cells were assayed by flow cytometry for 
development of the Crimson signal. After 2 hrs, the majority of cells expressed Crimson, indicating active pro-
tein synthesis and thus living cells. (b) Cells were diluted as above and assayed at the beginning of culture and 
4, 8, and 24 hrs later by flow cytometry for the EYFP signal. All cells derived from the complex medium exhibit-
ed high levels of fluorescence. After 4 hrs the majority showed reduced fluorescence, and after 8 hrs the signals 
specific for the two populations are apparent. 
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 Figure S5. Growth curves and fluorescence for 40 mutant cultures. The BioLektor cultivation system was used 
(see Methods section) to follow the growth of 40 mutants in 0.75 ml cultures as measured by the backward 
scatter (black curve) and fluorescence at λex 485 nm and λem 520 nm (green curve). Numbering of the different 
mutants is as given in Figure 4 of the main text. 
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Figure S6. Structural presentation of LysC with the localization of mutations identified. 
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Figure S1: Growth of C. glutamicum wild type in bioreactor batch-cultivations on CGXII glucose medi-
um. Maximum growth rates were determined based on optical density, cell number and cell volume 
via Coulter counter and cell number via FACS.  
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Figure S2: Growth of C. glutamicum wild type in shake flasks on CGXII glucose medium. Maximum 
growth rates were determined based on optical density, cell number and cell volume via Coulter 
counter and cell number via FACS. 
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Figure S3: Growth of C. glutamicum wild type in microtiter plates on CGXII glucose medium. Maxi-
mum growth rates were determined based on backscatter, cell number and cell volume via Coulter 
counter and optical density. 
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Figure S4: Growth of C. glutamicum wild type under PLBR conditions on CGXII glucose medium. Max-
imum growth rates were determined based on cell number and cell size via microscopic count. 
  
 125 
 
 
Figure S5: Growth of C. glutamicum wild type in microtiter plates on CGXII glucose medium applying 
different inoculum concentrations. Log-dilution series were generated from three reference cultures 
and grown in parallel. 
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Figure S6: Growth of C. glutamicum wild type under PLBR conditions on cell-free supernatant from 
shaking flask cultivation. Maximum growth rates were determined based on cell number and cell size 
via microscopic count. 
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Figure S7: Growth of C. glutamicum wild type under PLBR conditions on CGXII glucose medium sup-
plemented with 5 mM acetate. Maximum growth rates were determined based on cell number and 
cell size via microscopic count. 
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